The utility of methane clumped isotopes to constrain the origins of methane in natural gas accumulations 
Abstract
Methane clumped-isotope compositions provide a new approach to understanding the formational conditions of methane from both biogenic and thermogenic sources. Under some conditions, these compositions can be used to reconstruct the formational temperatures of the gas, and this capability can be applied to common subsets of both biogenic and thermogenic systems. Additionally, there are examples in which clumpedisotope compositions do not reflect gas-formation temperatures but instead mixing effects and kinetic phenomena; such kinetic effects also occur in common and recognizable subtypes of biogenic and thermogenic gases. Here we review the use of methane clumped-isotope measurements for understanding the origin of methane in the subsurface. We review methane clumped-isotope measurements from numerous biogenic and thermogenic natural gas reservoirs. We then place these measurements in the context of common frameworks for identifying the formational conditions of methane including the use of methane δ 13 C and δD values and C1/C2-3 ratios. Finally, we propose a framework for how methane clumped isotopes can be used to identify the origin of methane accumulations. Methane is an important greenhouse gas, reactant and product of microbial metabolisms, and energy resource. In general, it is the most abundant alkane in any natural gas accumulation (e.g. Mango et al. 1994; Hunt 1996) . Methane in natural gas accumulations generally has one of two origins. First, methane can be generated by the thermally induced breakdown (also termed pyrolysis, or 'cracking') of larger hydrocarbon molecules from solid (e.g. kerogen), liquid or gaseous hydrocarbons (e.g. Tissot & Welte 1978; Hunt 1996; Seewald 2003) . This methane is classified here as 'thermogenic.' Second, methane can be produced by microorganisms known as methanogens. Methanogens make methane via either the net reaction of CO2 with H2 (hydrogenotrophic methanogenesis) or the cleavage and reduction of a methyl group from larger organic molecules like acetate or methanol (e.g. Claypool & Kaplan 1974; Rice & Claypool 1981; Thauer 1998) . Methane produced by these organisms is termed 'biogenic' or microbial methane. Additionally, methane can be formed 'abiotically' through, for example, the hydrogenation of CO2 in the absence of life. Such abiotic methane is not known to contribute substantial quantities of gas to economically significant hydrocarbon accumulations (e.g. Etiope & Sherwood Lollar 2013) . Establishing the origin of methane (i.e. biogenic v. thermogenic), whether for economic, biogeochemical, or environmental reasons, is generally one of the first steps in the study of hydrocarbon systems (Bernard et al. 1976; Schoell 1980 Schoell , 1983 Whiticar et al. 1986; Whiticar 1999; Vinson et al. 2017) . For example, in the study of greenhouse gas emissions, the origin of methane to the atmosphere from a given environment or setting is needed to develop emission reduction strategies (e.g. Miller et al. 2013) . Alternatively, during petroleum exploration, the origin of methane can provide information on potential source-rock locations (if thermogenic) and the possibility of other accumulations in the area (e.g. Magoon & Dow 1994) . A variety of approaches are used to identify the origin and history of hydrocarbon gases including molecular and isotopic measurements. The complexity of these approaches ranges from qualitative fingerprinting (e.g. Bernard et al. 1976; Schoell 1980 Schoell , 1983 Whiticar et al. 1986 ) to sophisticated, quantum-mechanically grounded models of gas generation (e.g. Tang et al. 2000; Ni et al. 2011 ). This information is integrated with thermal histories provided by basin modelling, the stratigraphic and sedimentological evidence for the environment of deposition, and the structural analysis of trap and seal formation to understand the history of the petroleum system. This integrated approach is required to predict the potential distribution of hydrocarbons both spatially and temporally. Here, we review the utility of measuring methane isotopologues with multiple heavy isotopes (e.g. both 13 C and deuterium (D)), which are colloquially referred to as 'clumped' isotopologues (Eiler 2007) , to study the origin of methane. We review the conditions under which methane clumped-isotope measurements yield quantitative and usefully precise measures of a gas's formation temperature. We additionally address examples where the clumped-isotopic composition does not yield a meaningful formation temperature but instead relates to formational mechanisms. We specifically highlight the constraints methane clumped isotopes can provide on the origin of both biogenic and thermogenic natural gas deposits. This review places methane clumped isotopes into the broader framework of tools used to study hydrocarbon systems including standard molecular and isotopic techniques. Douglas et al. (2017) provides a broader review for methane clumped-isotope measurements beyond hydrocarbon systems.
Conventional molecular and isotopic techniques used to study the origins of hydrocarbon gases
Here we review two frameworks commonly used to identify the origin of methane in a given environment. Later in the review we place clumped-isotope measurements of methane into the context of these frameworks. We do not attempt to review all classification schemes here (e.g. Schoell 1983; Chung et al. 1988; Ballentine & O'Nions 1994; Prinzhofer & Huc 1995; Lorant et al. 1998) . One composition space used to map out the origin of methane in natural gas deposits is the 'Whiticar' plot (Fig. 1a; Whiticar et al. 1986; Whiticar 1999) . It is empirical in nature and involves the comparison of an unknown sample with a two-dimensional isotopic map that delineates gas origins (biogenic, thermogenic or a mixture of the two) using the δD and δ 13 C values of methane. This map is based on isotopic measurements of methane with independently known origins. The composition space defined by the Whiticar plot separates biogenic from thermogenic methane as follows: biogenic methane always has, at a given δD value, a lower δ 13 C value than thermogenic methane. Depending on the δD value, the δ 13 C cut-off for defining biogenic v. thermogenic gas can vary from −45 to −60‰. Additionally, although thermogenic and biogenic methane overlap extensively in δD values (overlapping from c. −150 to −275‰), biogenic methane can have significantly lower δD values (below −400‰) while thermogenic gases can have δD values as high as −100‰. Finally, the category of 'mixed/overlap' in the Whiticar plot indicates gases that are either mixtures of biogenic and thermogenic gas, or a composition where thermogenic and biogenic gases cannot be distinguished. (Whiticar et al. 1986; Whiticar 1999) uses the δD and δ 13 C values of methane to distinguish biogenic and thermogenic gases from one another. (b) The 'Bernard' plot (Bernard et al. 1976) uses the C1/C2-3 ratio v. the δ 13 C value of methane to distinguish thermogenic from biogenic gas. Many versions of the Bernard plot exist, with different boundaries (e.g. Vinson et al. 2017) . The boundaries given here are those given in Martini et al. (1996) . Additionally, pathways of diffusion, mixing and methane oxidation are sometimes plotted in these spaces (e.g. Whiticar 1999; Etiope & Sherwood Lollar 2013; Vinson et al. 2017) . Another composition space used to establish the origin of a sample of methane is the 'Bernard' plot (Fig. 1b; Bernard et al. 1976) . The Bernard plot differentiates thermogenic from biogenic gases using methane δ 13 C values and C1/C2-3 ratios. C1/C2-3 ratios quantify the relative abundance of methane (C1) to the sum of ethane (C2) and propane (C3). C1/C2-3 ratios are used to distinguish biogenic from thermogenic gases because, in biogenic systems, methane is generally the main hydrocarbon generated (generally >99%). Thermogenic gases, in contrast can contain significant quantities (up to tens of per cent) of alkanes larger than methane (C2+ alkanes). In the Bernard plot, biogenic gases are defined to have C1/C2-3 values greater than 1000 while thermogenic gases have C1/C2-In addition to these composition spaces, it is generally assumed that both the δ 13 C and δD values of methane and C1/C2-3 ratios increase over the course of petroleum generation. The extent of hydrocarbon generation generally increases with increasing burial temperature (and time spent at a given temperature) of the source rock. Consequently, the position of a thermogenic gas in the Bernard and Whiticar plots within the nominally thermogenic field is indicative of the 'thermal maturity' of the gas's source rock at the time of the gas's generation (Stahl & Carey 1975; Schoell 1980 Schoell , 1983 Chung et al. 1988; Rooney et al. 1995; Hunt 1996; Tang et al. 2000; Ni et al. 2011) . The Whiticar and Bernard plots are useful for identifying the origin of methane in the environment. However, the criteria used on these plots to delineate biogenic from thermogenic methane are not always definitive. Specifically, in these plots, a gas with a C1/C2-3 ratio greater than 1000 and δ 13 C value less than −60‰ will always be classified as biogenic and a gas with a C1/C2-3 ratio less than 100 and δ 13 C greater than −50‰ will always be classified as thermogenic. However, some suspected biogenic methane occurrences have methane δ 13 C values as high as −45‰ (Martini et al. 1996) . Additionally, C1/C2-3 values in modern marine sediments can be as low as 2 under conditions where ethane and propane are also biogenic in origin (Hinrichs et al. 2006) . Moreover, the model of Tang et al. (2000) predicts that thermogenic methane generated at temperatures less than 180°C in nature can have δ
13
C values between −60 to −70‰. Finally, thermogenic gases trapped in 'unconventional' shale-gas deposits ('shale gases') can have C1/C2-3 values greater than 1000 (e.g. Stolper et al. 2014 a) . These counter-examples illustrate that, while empirical classification schemes such as the Whiticar and Bernard plots are useful for interpreting the origins of natural gas deposits, they are not always clear-cut. Such counter-examples have led to alternative delineations of methane sources in δD v. δ 13 C and C1/C2-3 v. δ 13 C plots (e.g. Etiope & Sherwood Lollar 2013; Vinson et al. 2017) . This demonstrates that such spaces serve as useful starting points for the identification of methane sources, but they are not always definitive. One physical variable often associated with the origin of a gas is its formation temperature. Biogenic gases are generally thought to form in nature from c. 0°C to 80°C (Wilhelms et al. 2001; Valentine 2011) , though pure cultures of methanogens can grow in the laboratory at temperatures at least as high as 122°C (Takai et al. 2008) . In contrast, thermogenic gases are thought to form at temperatures above c. 60°C (Tissot & Welte 1978; Quigley & Mackenzie 1988; Hunt 1996; Seewald et al. 1998; Seewald 2003) . Furthermore, some models predict that most thermogenic gases form above 150°C (Quigley & Mackenzie 1988) . Thus, measurements of methane formation temperatures could provide an additional parameter for understanding the genesis of hydrocarbon gases. Additionally, such a tool would allow for insights into the geological history of sedimentary basins by providing constraints on the minimum temperatures a given source rock (that generated methane) reached during burial. We now discuss how clumped-isotope measurements of methane, can, under some circumstances, be used to measure methane formational temperatures in a variety of hydrocarbon systems. First we briefly review the theory and measurement of methane clumped isotopes.
Theory and nomenclature of methane clumped-isotope measurements
Clumped isotopologues are any molecules with two or more rare (generally heavy) isotopes (Eiler & Schauble 2004; Wang et al. 2004; Eiler 2007 ). An example of a methane clumped isotopologue is 13 CH3D. Such isotopologues are of geological and geochemical interest because, for a population of molecules in isotopic equilibrium with one another, their abundance is controlled solely by the system's average or 'bulk' isotopic composition (constrained by its δD and δ 13 C values) and the system's temperature (e.g. Wang et al. 2004) . Take the following isotope-exchange reaction between various methane isotopologues:
(1) At equilibrium, the relative abundances of the isotopologues in equation (1) are controlled by the reaction's equilibrium constant. This equilibrium constant is a monotonic function of temperature (Ma et al. 2008; Cao & Liu 2012; Ono et al. 2014; Stolper et al. 2014 b; Webb & Miller III 2014; Liu & Liu 2016) . Additionally, for an isotopically equilibrated system the left side of the equation, which contains the clumped isotopologue ( 13 CH3D), is always favoured relative to the right side at finite temperatures. This leads to a unique excess of 13 CH3D at a given temperature (with larger excesses at lower temperatures) compared to that expected for a random distribution of isotopes amongst all isotopologues. This random distribution is constrained by the average isotopic composition of the methane (i.e. the δD and δ 13 C values, which are measureable themselves). Consequently, if the abundance of 13 CH3D or other clumped isotopologues can be constrained along with the δD and δ 13 C values, an 'apparent' clumped-isotope-based methane formation temperature can be calculated. This apparent temperature will only reflect a true formation temperature if the methane formed in isotopic equilibrium and maintained that composition up until analysis. This is a key requirement that, as we discuss below, is apparently met in some but not all cases. We note that the actual reactions that allow isotopic equilibrium to be achieved between various methane isotopologues are not restricted to reactions involving only methane (i.e. reactions like those in equation 1), but instead are probably achieved via isotope-exchange reactions with other molecules including H2O, H2 or CO2. Rather, the sorts of isotope-exchange reactions as given in equation (1) provide a framework for calculating equilibrium constants for systems in isotopic equilibrium regardless of the reactions that allow that equilibrium to be achieved (Urey 1947). More thorough reviews of the theory of clumped isotopes can been found in Wang et al. (2004 ), Eiler (2007 , Affek (2012) and Eiler (2013) . The abundance of clumped isotopologues is reported relative to a calculated abundance that assumes all isotopes are randomly distributed amongst all isotopologues. This distribution is referred to as random or 'stochastic'. The clumped-isotopic composition of a sample is reported using Δ notation (Wang et al. 2004) CH2D2 is unimportant for most applications within the error of the measurement (though the difference could be important in certain cases where significant kinetic isotope effects are expressed) -this is discussed in detail in Stolper et al. (2014 b ) . We provide a calculation of the dependence of Δ18 on temperature from 0 to 300°C in Figure 2 . This range delineates the field of values where biogenic and thermogenic gases would likely be found if the methane formed in isotopic equilibrium. Expected ranges are given for biogenic and thermogenic gases formed in clumpedisotopic equilibrium. The overall thermogenic range is derived from the start of the oil window of c. 60°C (Hunt 1996) through c. 300°C; 300°C is the approximate modelled maximum temperature of methane generation (e.g. Behar et al. 1992; Tsuzuki et al. 1999; Vandenbroucke et al. 1999; Tang et al. 2000; Dominé et al. 2002; Burruss & Laughrey 2010) , though the maximum temperature of thermogenic gas generation is poorly constrained (Seewald 2003) . The maximum temperature of biogenic methane generation (122°C) is taken from the experiments of Takai et al. (2008) . We note that before the first clumped-isotope measurements of methane were made it was not clear whether Δ18 values would reflect equilibrium-based formation temperatures or kinetic processes reflecting methane generation, migration or extraction. Formation temperatures can only be meaningfully calculated from clumpedisotope abundances if the methane formed in internal isotopic equilibrium. Most previous interpretations of δ 13 C and δD values of both thermogenic and biogenic methane invoked kinetic isotope effects to describe the observed isotopic compositions (Whiticar et al. 1986; Espitalie et al. 1988; Clayton 1991; Hunt 1996; Whiticar 1999; Tang et al. 2000; Xiao 2001; Seewald 2003; Valentine et al. 2004; Ni et al. 2011) . Therefore the capacity to use clumped-isotope abundances to measure meaningful methane formation temperatures was not obvious prior to the study of natural gases and those generated in the lab to mimic gas-formational conditions.
Measurements of methane clumped isotopologues
Multiple techniques currently exist for accurate and precise (sub per mille) variations in mass-18 methane isotopologue abundances. The first such technique was described by Stolper et al. (2014 b ) , who used a prototype 'high-resolution' gas-source isotoperatio mass spectrometer (the Thermo Scientific MAT 253 Ultra) detailed in Eiler et al. (2013) CH2D2 abundances will be one of the next forefronts of methane clumped-isotope geochemistry.
Methane clumped-isotope measurements of thermogenic gases
Here, we review the dataset of current methane clumped-isotope measurements from both experimental simulations of hydrocarbon generation and environmental settings. We classify thermogenic gases using two criteria related to the physical and chemical conditions present in a hydrocarbon deposit. The first criterion is whether or not the gas was formed in place in the reservoir, or migrated from its formational location. Natural gas deposits in which the stratigraphic location where the gas forms and remains trapped are identical are termed 'unconventional' deposits (Curtis 2002) . In most unconventional deposits, the reservoir (and source) rock is shale and it must be hydraulically fractured in order to create permeability for gas or oil extraction. In contrast, 'conventional' reservoirs are those in which hydrocarbons formed elsewhere (the 'source rock') and became trapped during migration from their source. These are termed conventional because they have been, historically, the typical accumulations of hydrocarbon liquids and gases. These designations are significant for our purposes. Conventional reservoirs can accumulate gases from a variety of different sources generated over a range of conditions and temperatures. The geological and geochemical history of a conventional reservoir may have no direct relationship to the formational conditions of the trapped hydrocarbons. In contrast, gases in an unconventional reservoir are retained in the source and so experience the same thermal and burial history as the source rock after gas formation.
In both conventional and unconventional reservoirs, not all generated and/or trapped hydrocarbons are retained. For example, in thermally mature unconventional systems, the majority of generated hydrocarbons (including both oils and gases) are thought to be expelled over the course of oil and gas generation (e.g. Jarvie et al. 2007; Xia 2014) . Similarly, in conventional systems if there is not a sufficient sealing lithology and trapping geometry then hydrocarbons will not be trapped. Thus, the gases trapped in both unconventional and conventional reservoirs may only represent a snapshot of the system's gas generation and accumulation history. The second criterion we use to distinguish between various types of natural gas deposits is whether the gas was 'associated' (i.e. found) with or without liquid hydrocarbons in the reservoir. Associated or 'oil-associated' gases are either dissolved in oil ('solution gas') or present as a gaseous phase overlying a liquid phase in the reservoir (a 'gas cap'). 'Non-associated' gases are present in the gaseous phase in the reservoir and are not in contact with any liquid hydrocarbons in the subsurface. We apply a single-phase gas/oil ratio (GOR) of 6000 standard cubic feet/stock tank barrel (scf/stb) to differentiate non-associated gases in a subsurface accumulation from oilassociated gases. If there are two phases present in the subsurface (e.g. an oil leg with a gas cap), a 6000 scf/stb gas could be associated. While we recognize this here, we do not consider it further in this review.
There are additional classification schemes that use similar terms (oil-associated and non-associated) to indicate whether the gas was originally generated with oil or not (e.g. Schoell 1983). Other terms used to categorize and describe natural gas reservoirs include 'primary' gases that form directly from the breakdown of kerogen and 'secondary' gases that form via the breakdown of oil and hydrocarbon gases. These frameworks require a priori knowledge of the processes by and conditions under which a gas formed. Problematically, such information is generally not available and cannot always be inferred. Our usage of the terms conventional v. unconventional and associated v. non-associated are based solely on known conditions in the reservoir at the time of drilling and hydrocarbon extraction. We note that in some cases a gas has been examined that is known to be thermogenic, but is not currently in a reservoir (e.g. a gas seep). Such gases are included in the larger comparison of thermogenic and biogenic gases, but not in the more specific comparisons of different types of thermogenic gases. The locations of the various accumulations are given in Figure 3 .
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 Download powerpoint Fig. 3 . Locations of sampled gases discussed here. Data derived from Stolper et al. (2014 Stolper et al. ( a, 2015 , Wang et al. (2015) , Inagaki et al. (2015) , Douglas et al. (2016 Douglas et al. ( , 2017 and Young et al. (2017) . Specific accumulations and locations are discussed in these references.
The first thermogenic methane clumped-isotope results
The first evidence that methane clumped-isotope measurements may yield meaningful gas-formation temperatures came from Stolper et al. (2014 b ) . Specifically, isotopic (including clumped-isotope) measurements were made on methane sampled from a commercial high-purity gas cylinder. Based on its bulk isotopic composition (δD = −175.5‰ and δ 13 C = −42.9‰), the sample was assumed to be thermogenic in origin (Fig. 1a) . Methane from the cylinder yielded a clumped-isotope temperature of 170°C. This temperature is within the range expected for thermogenic gas-formation temperatures (c. 60-300°C; e.g. Behar et al. 1992; Hunt 1996; Tsuzuki et al. 1999; Vandenbroucke et al. 1999; Tang et al. 2000; Dominé et al. 2002; Burruss & Laughrey 2010) and is thus a geologically reasonable gas-formation temperature. Following this, additional measurements of gases from cylinders or laboratory gas lines with assumed thermogenic origins (again based on bulk isotopic compositions) using the spectroscopic technique yielded clumped-isotope-based temperatures from 151 to 212°C (Ono et al. 2014) . These results are consistent with methane clumped-isotope temperatures reflecting thermogenic gas-formation temperatures, but, due to lack of knowledge of the samples' origins, they could not be evaluated further. Stolper et al. (2014 a ) presented the first methane clumped-isotope measurements of thermogenic gases from experimental simulations of thermogenic gas generation and from samples taken from unconventional non-associated and conventional oilassociated gas deposits. For reasons discussed above, unconventional deposits were targeted because the thermal history of the gas (once formed) and the source/reservoir are identical. Non-associated gases extracted from unconventional deposits hosted in the Haynesville Shale (Texas; Hammes et al. 2011) and Marcellus Shale (Pennsylvania; Lash & Engelder 2011) were studied. The Haynesville Shale deposits currently remain near their maximum burial depths and temperatures (Stolper et al. 2014 a) . The measured clumped-isotope temperatures ranged from 169 to 207°C and are within 2σ of the measurement precision of current reservoir temperatures (163-190°C), modelled maximum burial temperatures (175-207°C), and independently modelled gas-formation temperatures (168-173°C; Fig. 4 ; Stolper et al. 2014 a) . It is important to note here that the methane clumped-isotope temperatures of gases sampled from a subsurface hydrocarbon accumulation reflect the bulk weighted average temperature of all methane that was generated and stored (i.e. it is a cumulative measure). (2014 a, b, 2015) , Inagaki et al. (2015) , Douglas et al. (2016) and Young et al. (2017) . Data from Inagaki et al. (2015) and Young et al. (2017) were converted to the Δ18 reference frame based on temperatures. Error bars are 1σ.
In contrast to the Hayneville Shale, the section of the studied Marcellus Shale reached maximum burial temperatures, which are modelled to have been between 183 and 219°C, and then was uplifted and cooled to current temperatures between 60 and 70°C (Stolper et al. 2014 a) . The clumped-isotope temperatures for these Marcellus Shale samples were found to range from 179 to 207°C (Stolper et al. 2014 a) . This range overlaps the Haynesville Shale clumped-isotope temperature range and all measured temperatures are within 2σ of model-based average gas-formation temperatures (171-173°C). Although these clumped-isotope temperatures are consistent with expected gasformation temperatures in the studied Haynesville and Marcellus Shale samples, an alternative interpretation is that the temperatures reflect partially or completely the effects of isotope-exchange reactions that occurred after gas formation. In other words, if methane, after formation, continued to isotopically re-equilibrate, the clumpedisotopic composition would reflect the gas's thermal history post formation. Reequilibration would require methane to exchange hydrogen isotopes with methane molecules or other compounds including, for example, H2O, H2 or other hydrogenbearing compounds. The rate of this exchange will scale with temperature, with faster rates at higher temperatures. The temperature below which such reactions cease to occur at a significant rate is termed an isotopic 'blocking temperature.' Such blocking temperatures have been studied previously for carbonate clumped isotopes . The clumped-isotope results from the Marcellus and Haynesville Shale samples indicate that the methane clumped-isotope blocking temperature in these unconventional deposits is above the shales' maximum burial temperatures (>200°C). Specifically, if the methane clumped-isotope blocking temperature was less than 200°C for geologically relevant timescales, the Marcellus Shale samples would presumably have yielded clumped-isotope-based temperatures consistently lower than the Haynesville Shale samples due to uplift and cooling of the examined Marcellus Shale gases after gas generation. This was not observed. We note though, that the blocking temperatures for methane, whatever they are, may and likely will vary based on the mineralogy of the reservoir rock (e.g. presence of transition metals like nickel) and chemical conditions (e.g. presence or absence of H2O or oil) in the reservoir (Seewald 2003) . Such different conditions will affect the reaction pathways available to promote C-H exchange. Taken together, the clumped-isotope temperatures from the Haynesville and Marcellus Shale samples reported by Stolper et al. (2014 a ) represent geologically reasonable temperatures for thermogenic gas formation. They appear unaffected by subsequent cooling of the systems and agree with independent metrics and models for thermogenic gas-formation temperatures (e.g. Tissot & Welte 1978; Quigley & Mackenzie 1988; Hunt 1996; Seewald et al. 1998; Seewald 2003) . Thus, the measured clumped-isotope temperatures are, to first order, conceivable average gas-formation temperatures. This was explored further in Stolper et al. (2014 a ) with measurements of oil-associated thermogenic gases from a conventional reservoir in the Potiguar Basin, Brazil. Methane from Potiguar Basin samples yielded clumped-isotope temperatures from 157 to 221°C. These temperatures are also in the expected range of thermogenic gas-formation temperatures. Additionally, the clumped-isotope temperatures correlated positively with the δ 13 C values of methane -such a correlation was expected based on conventional interpretations of δ 13 C as a maturity indicator (discussed in the sections entitled 'Conventional molecular and isotopic techniques used to study the origins of hydrocarbon gases' briefly above and 'Values of δ 13 C and clumped-isotope temperatures of thermogenic gases' more extensively below). It is noteworthy that some methane clumped-isotope temperatures from the Potiguar Basin samples, all of which are oil-associated, fall outside of the commonly assumed temperature range for oil generation (the oil window) of c. 60 to 160°C (Hunt 1996) and even more recent maximum estimates of c. 200°C; (e.g. Vandenbroucke et al. 1999; Lewan & Ruble 2002) . Stolper et al. (2014 a ) proposed that the 'hot' methane did not form with oil but instead, during migration, ended up in the same reservoir as the oil. Indeed, source rocks of high maturity (past oil-window maturity) are found in the Potiguar Basin, making such an idea plausible (Stolper et al. 2014 a) . As will be discussed in the next section, thermogenic gases from different hydrocarbon systems frequently yield methane clumped-isotope temperatures from 60 to 160°C indicating methane clumped-isotope temperatures consistent with co-formation of gas and oil are common. Finally, clumped isotopes were measured on methane generated experimentally by closed-system hydrous pyrolysis of organic-rich shale at 360°C or closed-system anhydrous pyrolysis of pure propane at 600°C. The temperatures were found to be within 2σ measurement precisions of the known formation temperatures. Additionally, these temperatures were 5σ away from measured clumped-isotope temperatures from environmental thermogenic methane samples (Fig. 4) . These experiments thus independently support the hypothesis that methane clumped-isotope temperatures can reflect formation temperatures. In all, these results led Stolper et al. (2014 a ) to hypothesize that clumped-isotope-based temperatures of thermogenic gases could be used to infer, at least for the systems examined, average gas-formation temperatures.
Further studies of thermogenic gases
Additional clumped-isotope studies of thermogenic gases from a variety of different hydrocarbon systems have now been made (e.g. Stolper et al. 2015; Wang et al. 2015; Douglas et al. 2016 Douglas et al. , 2017 Young et al. 2017) . In this section we review the overall distribution of clumped-isotope-based temperatures derived from thermogenic gases (study locations given in Fig. 3 ). All measured thermogenic conventional oilassociated and non-associated gases and unconventional non-associated gases are included. Unconventional oil-associated gases appear to yield non-equilibrium clumpedisotope distributions and are not included in the present discussion. They are treated separately below. The geological and production histories can be found in the original studies from which the measurements are taken (see Douglas et al. 2017) . The observed range of clumped-isotope temperatures for thermogenic methane is from 72 to 298°C (Fig. 5c ). The temperatures are normally distributed with a peak value of 175°C ± 47°C (1σ; Fig. 5c ). This distribution can be compared to model-based expectations for both the expected range of methane formation temperatures and the amount of methane produced as a function of temperature. In models of methane generation, the amount of methane produced at different temperatures varies because it is assumed that rates of methane generation increase with increasing temperature but decrease as methane precursors are converted to either methane or oxidized forms of carbon such as graphite (Seewald 2003) . Distribution of measured clumped-isotope-based temperatures from biogenic (a), mixed thermogenic and biogenic (b) and thermogenic (c) gases compared to expected formation ranges of biogenic and thermogenic gases (d); the thermogenic distribution is derived from Hunt (1996) . Data from Stolper et al. (2014 Stolper et al. ( a, 2015 , Wang et al. (2015) , Inagaki et al. (2015) , Douglas et al. (2016 Douglas et al. ( , 2017 and Young et al. (2017) . Number of samples measured is given by n. All histograms are normalized such that the maximum box has a height of 1. We use the model of Hunt (1996) , which is reproduced in Figure 5d , to make the comparison between measured v. expected gas-formation temperatures and the expected distribution of those temperatures. The model of Hunt (1996) is a general model of methane generation kinetics. We note, though, that there are other models of gas generation distributions as a function of temperature and they do not always agree (e.g. Seewald 2003). Regardless, the overall range and distribution of measured v. modelled temperatures are similar indicating that the two are in general agreement. We note that direct comparisons of all measured thermogenic gas clumped-isotope-based temperatures with modelled formation temperatures and thermal burial histories of the source rocks, as was done for unconventional unassociated gases in Stolper et al. (2014 a ) , is not generally possible. This is because most examined samples do not have independently constrained thermal and generation histories (e.g. because they have migrated from their source rock to the reservoir rock and/or lack independent constraints to calibrate a model of their thermal histories), thus preventing such a comparison. The measured clumped-isotope temperatures extend to higher temperatures (c. 300°C) than the c. 250°C cut-off indicated by the model of Hunt (1996) . However, recent models, the discovery of high-temperature oil reservoirs, and experiments all indicate that oils can be stable up to c. 200°C (e.g. Tsuzuki et al. 1999; Vandenbroucke et al. 1999; Lewan & Ruble 2002) and that methane generation occurs at temperatures above 250°C in nature (e.g. Behar et al. 1992; Tsuzuki et al. 1999; Vandenbroucke et al. 1999; Tang et al. 2000; Dominé et al. 2002; Burruss & Laughrey 2010) . Although the maximum temperature of thermogenic methane generation remains an open question, the clumped-isotope temperatures are in line with these recent indications that it may extend up to at least c.300°C. Alternatively, these higher temperatures could result from subtle kinetic isotope effects expressed during gas generation or migration. Specifically, recent pyrolysis experiments on coal (Shuai et al. in press) indicate that disequilibrium effects can be expressed during methane generation. In these experiments coal was heated in sealed gold tubes at different rates (i.e. increase in temperature per unit time) to a final temperature between 400 and 620°C. Samples quenched between 400 and 520°C yield Δ18 values consistent with the generation of methane at equilibrium. Above 520°C, δD values increase rapidly and Δ18 values first decrease (becoming negative) and then increase at 600°C to Δ18 values similar to those expected for clumped-isotope equilibrium for the final experimental temperature. These Δ18 values indicate that non-equilibrium processes during methane generation can occur at elevated temperatures in experimental samples. Interestingly, the transition to nonequilibrium Δ18 values coincides with the onset of ethane cracking. The precise mechanisms controlling the non-equilibrium Δ18 values of the evolved methane are currently unknown, nor is it clear whether they are relevant to natural systems. However, they show that laboratory pyrolysis experiments can create both equilibrium and non-equilibrium methane clumped-isotope compositions depending on the details of the experiment. The following sections focus on how the clumped-isotope temperatures reflect both the formational conditions and trapping histories of oil-associated and non-associated gases in conventional and unconventional reservoirs. We do not discuss cases where the origin of the thermogenic gases is not well constrained (e.g. thermogenic gas seeps).
Conventional oil-associated gases
Oil-associated methane trapped in conventional reservoirs (from six distinct hydrocarbon systems) yield clumped-isotope temperatures that range from 103 to 266°C, with an average value of 167°C (±40°C, 1σ; Fig. 6a ). This range spans nearly the entire expected range of thermogenic gas generation temperatures (Fig. 6a v. Fig. 6e ). Clumped-isotope temperatures of oil-associated gases from conventional reservoirs are equally common from 100 to 150°C as 150 to 225°C, with a sharp drop-off in frequency for temperatures above 225°C (Fig. 6a) . Thus, the examined oil-associated gases, to first order, yield temperatures consistent with generation in the oil window (< c. 160°C) and at temperatures above oil stability. The overall range of clumped-isotope temperatures is probably the result of the capacity for conventional reservoirs to trap hydrocarbons generated over the full spectrum of potential gas generation temperatures. For example, if the gases in the reservoir were co-generated with the oils and remained associated during migration, the methane clumped-isotope temperatures might be expected to range from about 60 to 160°C. However, if the reservoirs also capture gases generated at higher temperatures (e.g. from the breakdown of oil and gas or kerogen above the oil window), then the measured methane clumped-isotope temperatures could be higher. Indeed, as some models predict that most natural gas forms above oil generation temperatures (>150°C; Quigley & Mackenzie 1988), it may not be surprising that conventional reservoirs often contain methane with clumpedisotope temperatures above 150°C.
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 Download powerpoint Fig. 6 . Distribution of measured clumped-isotope-based temperature from thermogenic deposits including: (a) conventional oil-associated deposits; (b) conventional nonassociated deposits; (c) unconventional oil-associated deposits; and (d) unconventional non-associated deposits. These are compared to expected formation ranges of biogenic and thermogenic gases in (e). Data from Stolper et al. (2014 Stolper et al. ( a, 2015 , Wang et al. (2015) , Young et al. 2017 and Douglas et al. (2017) . Number of samples measured is given by n. All histograms are normalized such that the maximum box has a height of 1. The typical range of oil generation is often given from c. 60 to 160°C (Hunt 1996) , but some models indicate that oils can be generated and are stable up to c. 200°C (Tsuzuki et al. 1999; Lewan & Ruble 2002 ). Other ranges are described in Figure 5 . An alternative interpretation for the observed temperature ranges measured in conventional oil-associated gases is that they contain a component of methane formed in equilibrium and a component formed with Δ18 values lower than expected for isotopic equilibrium, as occurs in some coal-pyrolysis experiments (Shuai et al. in press ). We do not favour this interpretation for the data summarized in Figure 6a for two reasons: (1) methane in conventional oil-associated deposits has not yielded clumped-isotope temperatures that exceed plausible gas generation temperatures (unlike the nonequilibrium temperature intervals of the pyrolysis experiments discussed above or some of the more extreme findings for unconventional oil-associated gases described below); and (2) correlations between δ 13 C and methane temperature in the conventional oilassociated gases (presented below) generally resemble those expected for models of isotopic evolution during petroleum generation. The observed range in clumped-isotope temperatures in conventional oil-associated deposits suggests one use of clumped-isotope measurements of methane is to establish whether the gases present in the deposit were co-generated with the oil or formed later (e.g. from the cracking of residual oil in the source rock, from oil in deeper reservoir intervals, or from a different source interval entirely) and mixed into the oils during migration. As will be discussed below (section entitled 'A synthesis of clumped-isotope studies and their utility in the study of economic accumulations of hydrocarbons'), this information can be used in an exploratory framework to detect the generation of hydrocarbons at greater depths and higher temperatures than oil generation, even in systems where the deeper-formed gas has dissolved into oils at shallower depths. Such information could indicate the potential for gas reservoirs at greater depths.
Conventional non-associated gases
Methane clumped-isotope measurements have been made on conventional nonassociated gases from two systems. The first is the Rotliegend system in Germany Fig. 6b ) with a range from 144 to 267°C. More specifically, the Rotliegend samples have an average temperature of 217°C (±34, 1σ) and the North Sea samples have an average temperature of 205°C (±21, 1σ). These average clumped-isotope temperatures are higher than the average for conventional oil-associated gases (167°C). Indeed, only one sample (from Rotliegend) yields a temperature (144°C) consistent with generation below the oil window (<160°C). A simple interpretation of this result is that these hydrocarbon reservoirs captured gases dominantly generated at temperatures above oil generation. If broadly applicable, this would indicate that the majority of non-associated gases form at temperatures above oil generation. This hypothesis will require the examination of a wider range of conventional non-associated gases.
Alternatively, the difference between the clumped-isotope temperatures of conventional oil-associated v. non-associated gases may be due to different source organic types. The oil-associated gases were sourced dominantly from lacustrine and marine, organic carbon (type I and II kerogens). In contrast, the non-associated gases are sourced in part from dominantly gas-prone coals (type III kerogens). Some experiments indicate that gas generation kinetics for coals v. marine and lacustrine sources can differ (e.g. Burnham 1989; Pepper & Dodd 1995; Behar et al. 1997) and that coals yield methane at higher temperatures than other kerogen types (e.g. Pepper & Dodd 1995; Behar et al. 1997) . Thus, the higher average temperatures in the studied nonassociated conventional gases relative to associated gases may result from different kerogen sources.
Unconventional non-associated gases
Methane clumped-isotope temperatures from unconventional non-associated gases (sampled from five different basins) have an average value of 179°C (±23°C, 1σ; Fig.  5d ) and range from 144°C to 207°C. All temperatures are at the top or above the nominal oil window (c. 160°C). Because gases in unconventional systems are thought to have formed in situ (Curtis 2002), the clumped-isotope temperatures, if interpreted as average gas-formation temperatures, indicate that these systems retain gases dominantly formed after oil generation either from oil, gas, or residual kerogen cracking. The higher average temperature and tighter distribution (smaller standard deviation) of unconventional non-associated gases compared to oil-associated gases are consistent with the trapping histories of these different reservoir types. Specifically, unconventional systems retain the gases formed within the reservoir. Additionally, these systems are thought, in many cases, to expel oil and gas formed during oil generation at lower temperatures (e.g. Jarvie et al. 2007; Xia 2014) , which would release methane formed at lower temperatures during oil generation (<160°C). After any such expulsion event(s), the system would then preferentially retain gases formed either from oil and gas cracking or the breakdown of residual kerogen at temperatures above 160°C. This does not indicate that all non-associated unconventional systems only retain highermaturity gases, but that those that have been examined, which are economically productive, appear to preferentially sample gases with higher (>150°C) clumpedisotope temperatures. The clumped-isotope temperatures of non-associated gases from unconventional reservoirs could be used to place quantitative constraints on the timing and mass of oil and gas expelled from the unconventional reservoir. This requires incorporating methane clumped-isotope temperatures into current quantitative models of oil and gas generation. We note that clumped-isotope temperatures of methane from non-associated unconventional reservoirs do not yield the elevated temperatures (>220°C) we observe in some conventional accumulations. It is possible that this is simply the result of the specific unconventional systems that have been studied to date, which, where known, do not exceed modelled maximum burial temperatures greater than 220°C (Stolper et al. 2014 a) . Future studies could focus on comparing conventional gas accumulations sourced from shales that are currently unconventional to the gases still retained in the shale. An observation that we discuss below is that the samples with the most enriched δ 13 C values for methane (i.e. greater than −32‰), which are generally taken to indicate generation at elevated maturities and thus higher temperatures, do not have the highest clumped-isotope-based temperatures. Instead, these samples yield clumpedisotope temperatures that are commonly c. 150°C. This is unexpected if clumpedisotope-based temperatures are interpreted as average formation temperatures. We return to this intriguing discrepancy below (section entitled 'Values of δ 13 C and clumpedisotope temperatures of thermogenic gases') when plots of δ 13 C v. clumped-isotope temperatures are discussed in detail.
Unconventional associated gases
Two unconventional reservoirs with oil-associated gases have been studied: the Eagle Ford Shale (Texas; Mullen 2010), and the Bakken Shale (North Dakota; Meissner 1978) . The presence of oil in these systems constrains the maximum formation temperatures of the methane to temperatures below those at which oil is stable on geological timescales. Although this temperature is not agreed upon, it is probably no higher than c. 200°C under geological conditions (Quigley & Mackenzie 1988; Hunt 1996; Vandenbroucke et al. 1999; Lewan & Ruble 2002) . In contrast, the clumpedisotope temperatures of gases from these reservoirs range from 140 to 380°C, with an average value of 215°C (±59, 1σ). Thus, many of the measured temperatures exceed what would be expected for oil stability. Furthermore, the temperatures are higher, on average, than unconventional non-associated gases, which are derived from systems modelled in many cases to have reached burial temperatures above 200°C. This strongly indicates that the clumped-isotope compositions of the unconventional oilassociated deposits studied do not reflect equilibrium conditions during gas generation. Instead they probably reflect kinetic isotope effects expressed during methane generation, storage in the reservoir (including leakage or phase changes), or extraction of hydrocarbons. Kinetic isotope effects expressed during gas generation could have created the observed non-equilibrium clumped-isotope compositions. Evidence in favour of this possibility comes from pyrolysis experiments on coal discussed above which result in lower Δ18 values (and thus hotter apparent temperatures) during some experimental conditions. If this process occurs in natural environments it could explain the high apparent methane clumped-isotope temperatures from the Eagle Ford and Bakken formations. This scenario requires that the kinetics and reaction mechanisms for gas generation in these unconventional systems differ from other systems which do not yield such high apparent clumped-isotope temperatures, but instead temperatures generally consistent with generation in the oil window. This is because a significant proportion (35%) of all thermogenic gases yield clumped-isotope temperatures less than 160°C, i.e. below the typically assumed maximum range for the oil window (Fig. 6a) . Finally, we note that although the coal-pyrolysis experiments only yield non-equilibrium Δ18values at the onset of ethane cracking, ethane is considered the second most stable alkane (with methane the most stable) with respect to thermally activated breakdown reactions (Behar et al. 1992) . For geologically relevant thermal histories, ethane breaks down only after oil has cracked to hydrocarbon smaller gases (Behar et al. 1992) . Thus, the relevance of the experiments to oil-associated, unconventional gases is not clear. Alternatively, the non-equilibrium clumped-isotope compositions could result from kinetic isotope effects expressed during gas extraction. The extraction of gas and oil from conventional systems v. unconventional systems can differ. Specifically, unconventional systems are usually hydraulically fractured in order to release hydrocarbons whereas most conventional reservoirs are not. During oil and gas recovery from unconventional reservoirs, the pressure in the reservoir declines rapidly over the first year, lowering the total yield of oil and gas that can be extracted over time (e.g. Lee et al. 2011) . Larger molecules such as liquid hydrocarbons require larger pressure gradients for recovery compared to gases. Thus, it is possible that oils that contain some dissolved methane are left behind in the reservoir during production of hydrocarbons or that a two-phase hydrocarbon system develops within the subsurface if the pressure in the reservoir drops below the bubble point. Nonetheless, kinetic isotope effects associated with the dissolution or degassing of methane into or out of this oil could result in the observed non-equilibrium clumped-isotopic compositions of the methane. The apparently meaningful gas-formation temperatures from unconventional non-associated systems in which methane is the dominant constituent and no oil is presented supports this idea. This hypothesis could be tested by taking samples from a well at different times in its production history as the pressure in the unconventional reservoir declines. Additionally, kinetic isotope effects may be expressed during the migration of gases from the shale into the fractures created during hydraulic fracturing of the shales. For example both diffusion and adsorption/desorption of hydrocarbons are thought to occur during migration in shales and could result in the expression of kinetic isotope effects (Xia & Tang 2012) . If such kinetic isotope effects are preferentially expressed when oil is present in a system (e.g. because a liquid hydrocarbon phase changes the isotope effects associated with methane's diffusivity or sorption behavior), they could influence the methane clumped-isotope compositions. Regardless of this, future work on oilassociated unconventional deposits should focus on understanding why these gases show different clumped-isotope systematics as compared to higher-maturity unconventional deposits and conventional reservoirs.
Thermogenic methane in clumped-isotopic equilibrium?
The bulk isotopic composition (i.e. δD and δ 13 C) of thermogenic methane is generally considered to be set by kinetically controlled processes (Sackett 1978; Chung et al. 1988; Clayton 1991; Tang et al. 2000; Ni et al. 2011) . Only at the highest gas maturities (temperatures >200°C) have equilibrium exchange processes between methane and water been suggested to influence the δD values of thermogenic methane (Burruss & Laughrey 2010) . However, year-long incubations of methane at 323°C in deuterium-labelled water do not result in the definitive occurrence of exchange of hydrogen isotopes between water and methane (Reeves et al. 2012) . Nonetheless, it has generally been assumed that under most conditions, thermogenic methane's isotopic composition is controlled by kinetic isotope effects. Thus, the interpretation of some thermogenic methane clumped-isotope temperatures as gas-formation temperatures from 70 to 300°C requires the presence of unanticipated isotopeexchange processes during methane generation. To explain this, we focus on mechanisms that could allow C-H bonds in methyl precursors to exchange hydrogen. It is important to note that achievement of C-H isotope equilibrium within methane or between methane and another phase does not require methane to be in carbon isotopic equilibrium with any other molecules during formation. It only requires reversible hydrogen isotope-exchange reactions to take place (perhaps only at a local molecular scale, such that evolved methane is still out of hydrogen isotope-exchange equilibrium with the bulk residue). Even so, it is possible for methane to be in internal isotopic equilibrium and still express kinetic carbon-isotope effects. We note that the framework of Helgeson et al. (2009) , where hydrocarbons are hypothesized to be in metastable chemical equilibrium with each other and with CO2, may imply that carbon bonds could be breaking and forming between organic molecules. In such a case, the organic molecules could achieve carbon isotopic equilibrium both within and between organic species. Carbon-isotope equilibrium between different molecules in thermogenic deposits could be tested by comparing methane clumped-isotope temperatures to known carbon-isotope equilibrium compositions between methane and CO2 or other hydrocarbons like ethane and propane (Singh & Wolfsberg 1975; Horita 2001 ). This has not been done but could serve as a test of the ideas of Helgeson et al. (2009) . One mechanism that could generate methane in internal isotopic equilibrium is via the isotopic pre-equilibration of methyl groups before methane generation via free radical migration in the backbone of the hydrocarbon precursors. As free radicals move from carbon atom to carbon atom, hydrogen atoms are added to and removed from the organic molecule. This process is how deuterium and hydrogen from water are thought to be incorporated into organic matter (Hoering 1984; Lewan 1997) . If these hydrogenexchange reactions proceed before C-C bond cleavage, the methyl groups could be in or near internal isotopic equilibrium before methane formation. Methyl groups and methane have been modelled to have similar clumped-isotopic compositions at internal isotopic equilibrium (Wang et al. 2015) . Thus methane clumped-isotope compositions could partly reflect 13 C-D and D-D clumping in a methyl group precursor at the temperature of cleavage. This hypothesis requires that hydrogen addition to a released methyl group allows this internal equilibrium to be maintained. Alternatively, hydrogen isotope-exchange reactions available to the methyl free radical could promote internal isotopic equilibrium. This could occur through catalytically induced exchange reactions of methane or methyl groups during formation on other phases including clays, organic surfaces or transition metals. For example, clays have been experimentally demonstrated to catalyse hydrogen exchange in larger organic molecules (Alexander et al. 1982 (Alexander et al. , 1984 while transition metals (Mango et al. 1994; Mango & Hightower 1997) have been implicated in the catalysis of methane generation. In laboratory experiments, transition metals like nickel and platinum can equilibrate the hydrogen isotopes of methane and H2 (Horibe & Craig 1995) and allow methane to achieve internal isotopic equilibrium at temperatures above 150°C (Ono et al. 2014; Stolper et al. 2014 b) . Regardless of mechanism, in order for thermogenic methane clumped-isotope compositions to reflect gas-formation temperatures, methane must form in internal isotopic equilibrium and retain that signature after formation. Thus, the processes that allow methane to form in clumped-isotopic equilibrium cannot promote the continued isotopic equilibration after formation. If correct, this indicates that hydrogen-isotope exchange reactions for methyl precursors or during methane generation exist, but cease to be available to methane after it is formed.
Biogenic gases Biogenic gases in clumped-isotopic equilibrium
Stolper et al. (2014 a ) presented the first methane clumped-isotope measurements from biogenic sources. Biogenic methane from kilometre-deep reservoirs in the Gulf of Mexico undergoing biodegradation and methane generation yielded methane clumpedisotope temperatures from 40 to 48°C, which are within 1σ measurement precision of the known reservoir temperatures of 42 to 48°C. Additionally, methane dominantly biogenic in origin (although with some contribution of thermogenic methane) from the Antrim Shale yielded a clumped-isotope temperature of 40°C. Based on these results (Fig. 4) , Stolper et al. (2014 a ) hypothesized that clumped-isotope temperatures of biogenic methane can reflect gas-formation temperatures in some settings. The correspondence between biogenic gas formation and clumped-isotope-based temperatures has been subsequently corroborated in other samples with independently known methane formation temperatures (Fig. 4) . For example, measurements of biogenic methane seeps from the Santa Barbara and Santa Monica basins yield clumped-isotope temperatures between 6 and 16°C, within 2σ in all cases of the seep temperatures (5-9°C). Two measurements of biogenic methane from submarine coal beds yielded clumped-isotope temperatures of 70°C (with precisions of ±5 and 12°C, 1σ) in environments with temperatures from 45 to 50°C (Inagaki et al. 2015) . Samples emitted from underwater seeps on the Alaskan shelf in the Beaufort Sea have clumpedisotope temperatures from 0 to 5°C, all within 1σ error of local environmental temperatures (−1.5 to 0°C; Fig. 3 ; Douglas et al. 2016) . Finally, a methane sample from the Birchtree nickel mine (Manitoba, Canada), which is thought to be biogenic in origin, yielded both -and -based temperatures of 16 ± 5 and 12 ± 2°C, similar to environmental temperatures of 20 to 23°C (Young et al. 2017) .
Biogenic gases from systems without independently constrained gas-formation temperatures also yield clumped-isotope temperatures consistent with a biogenic origin. For example, biogenic methane from Northern Cascadia Margin methane clathrates yielded clumped-isotope-based temperatures between 12 and 42°C (Wang et al. 2015) ; coal-bed methane from the Powder River Basin has clumped-isotope temperatures from 35 to 52°C (Wang et al. 2015) ; and low, 9-30°C, clumped-isotope temperatures are observed in some gases collected from Alaskan lakes (Douglas et al. 2016) .
Additional support for the hypothesis that biogenic gases can yield clumped-isotope temperatures that reflect generation temperatures comes from systems that are mixtures of biogenic and thermogenic gases or lack independent constraints on gasformation temperatures. For example, in the Antrim Shale, gases are known to be a mixture of biogenic and thermogenic gases. In this system, gases independently interpreted to be dominantly biogenic (higher C1/C2-3) yielded lower clumped-isotope temperatures than gases enriched in ethane and propane ( Fig. 7 ; Stolper et al. 2014 Stolper et al. a, 2015 .
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 Download powerpoint Fig. 7 . Clumped-isotope measurements from Antrim Shale deposits that contain a mixture of biogenic and thermogenic gases. As would be expected, samples with higher C1/(C2-4) ratios, which are more similar to the biogenic end member yield lower clumped-isotopebased temperatures and vice versa. Data are fitted to a model (dotted line) that includes mixing between a biogenic and thermogenic source with biological consumption of C2+ alkanes. Data and the model are described fully in Stolper et al. (2015) . Error bars are 1σ.
Taken together, along with measurements from other biogenic reservoirs (Douglas et al. 2016 (Douglas et al. , 2017 , some biogenic gases -specifically those that sample subsurface biogenic systems -show a range from −1 to 95°C (Fig. 5a ). This range is within that generally expected for biogenic gases (<80°C; Wilhelms et al. 2001; Valentine 2011) and well within maximum observed temperatures from laboratory pure cultures of up to 122°C ( Fig. 5d ; Takai et al. 2008) . It further supports the hypothesis that biogenic methane can reflect gas-formation temperatures in many environmental settings.
Biogenic gases out of isotopic equilibrium
Although some biogenic gases yield clumped-isotope-based temperatures consistent with their known formation temperatures, other samples both from the environment and from laboratory experiments do not. Specifically, methane generated by hydrogenotrophic methanogens in the laboratory (Stolper et al. 2014 a, b; Wang et al. 2015; Young et al. 2017 ) and methylotrophic methanogens (Douglas et al. 2016; Young et al. 2017) universally yield non-equilibrium clumped-isotope-based temperatures. The calculated temperatures are either too hot compared to the laboratory growth temperatures or have negative Δ18 or values (Fig. 8) . Negative et al. (2017) were converted to the Δ18 reference frame using the -based temperature to compare them to the equilibrium line (which is for Δ18) as these samples were interpreted to have formed in clumped-isotope equilibrium. The typical 1σ error bar for Δ measurements is given in the figure.
What controls the clumped-isotopic compositions of biogenic methane?
Stolper et al. (2014 a ) proposed that the relative reversibility of the methanogenic enzymes (e.g. methyl co-enzyme M reductase) involved in biogenic methane generation could control the ultimate clumped-isotope composition of the gas. For example, high enzymatic reversibility would promote exchange of H and D in methane C-H bonds and allow biogenic methane to form in internal isotopic equilibrium. Stolper et al. (2015) and Wang et al. (2015) created quantitative models that could evaluate this hypothesis and found that the relative reversibility of enzymes could explain the biogenic clumped-isotope data. These models predict that non-equilibrium methane clumped-isotope values occur when enzymes are less reversible. The validity of these models is strengthened by their ability to relate differences in the hydrogen-isotopic composition of water and methane with the degree of disequilibrium for the clumpedisotope values. The key insight provided by these models and environmental observations for the purposes of this review is that systems where growth rates are slow appear to show more reversibility in their enzymes (Valentine et al. 2004; Wing & Halevy 2014; Stolper et al. 2015; Wang et al. 2015) and thus create methane in clumpedisotopic equilibrium. Such systems (i.e. where growth rates are slow) would include marine sediments and deeply buried (e.g. >100 m deep) terrestrial systems -such systems tend to contain organic matter that is less reactive than organic matter found near the sediment-water interface. This less reactive organic carbon results in slower growth rates for the fermentative organisms that provide H2, acetate and other methylated molecules to methanogens, lowering methanogen growth rates in the process. As many of these slow-growth systems occur at great depths (hundreds of metres to kilometres), where competent seals have the potential to develop, they could lead to the generation of biogenic gas accumulations in reservoir rocks above or within the locus of methanogenesis. In contrast, systems in which methane generation rates (per cell) are high, show more irreversibility in their enzymes (Valentine et al. 2004; Wing & Halevy 2014; Stolper et al. 2015; Wang et al. 2015) , and yield methane out of clumped-isotopic equilibrium. As discussed, this disequilibrium is manifested by lower Δ18 values (i.e. higher clumpedisotope-based temperatures) than expected for isotopic equilibrium. Such systems tend to be found in shallow terrestrial settings, including lakes, wetlands, and ponds as well as in cow rumens, where large amounts of fresh, labile organic carbon are available for conversion by fermentative microorganisms to H2, acetate and other methylated organic molecules used by methanogens (Stolper et al. 2015; Wang et al. 2015; Douglas et al. 2016) . Such shallow systems are unlikely to yield economic reservoirs of methane given the short transit distance to the atmosphere or sediment/water interface and the fact that sealing rocks are yet to develop the necessary competence to hold a significant column of free gas within a potential reservoir interval at such depths -this is discussed further below. Additionally, deeper terrestrial settings with large amounts of H2 and CO2 (or acetate), found for example in ophiolites, can also generate methane out of clumped-isotopic equilibrium (Wang et al. 2015) .
Mixed biogenic and thermogenic deposits
Thermogenic gases generally yield clumped-isotope-based temperatures from 70 to 300°C. Biogenic gases from deeply buried marine or continental systems, on the other hand, yield clumped-isotope-based temperatures less than 100°C. Finally, shallowly sourced terrestrial systems yield variable temperatures, all of which are too hot for their given setting. Given these end-member compositions, a question is: can clumpedisotope-based temperatures be used to distinguish and quantify mixtures of biogenic gases and thermogenic gases?
Several economic hydrocarbon accumulations with contributions of both biogenic and thermogenic gases have been studied (Fig. 5b) and they yield temperatures that fall between the biogenic and thermogenic fields. Specifically, the clumped-isotope-based temperatures using data from economic deposits with mixtures of biogenic and thermogenic gases range from 40 to 118°C with an average of 73°C (±25°C, 1σ). Importantly, in these examples, the biogenic gases appear to have formed at low metabolic rates such that the clumped-isotope-based temperatures and formation temperatures are similar for the biogenic end member. This probably indicates that in most economic hydrocarbon accumulations, the biogenic methane was formed close to isotopic equilibrium. For this comparison, we only included samples where the δD and δ
13
C values of the end members are sufficiently close such that mixing of gases results in a pseudo-linear dependence of clumped-isotope temperature on mixing ratio (Stolper et al. 2014 (Stolper et al. a, b, 2015 Wang et al. 2015; Douglas et al. 2016) . This generally requires that the end members do not differ by more than a few tens of per mille in their isotopic composition (although this generally has to be established on a case-by-case basis). Non-linear mixing of Δ18 values occurs in the terrestrial Arctic as discussed below. In these 'mixed' systems, clumped-isotope-based temperatures often correlate with other measured parameters that can differ between thermogenic and biogenic gases. For example, in the Antrim Shale, which contains mixtures of biogenic and thermogenic gases (Martini et al. 1996 (Martini et al. , 1998 (Martini et al. , 2003 Stolper et al. 2015) , an inverse relationship between the clumped-isotope-based temperature and the C1/C2-3 ratio is observed (Fig.  7) . As discussed above, biogenic gases generally have higher C1/C2-3 ratios than thermogenic gases. In the Antrim Shale, the clumped-isotope temperatures were used to calculate the relative amounts of biogenic and thermogenic gases in samples taken from different wells (Stolper et al. 2015) . A distinctive scenario occurs when thermogenic and biogenic gases with significantly different δD and δ 13 C values mix. This scenario can occur in terrestrial settings in which both the δD and δ 13 C of the biogenic gases can be substantially lower (up to c. 200‰ for δD and c. 50‰ for δ 13 C) compared to thermogenic gases (e.g. Whiticar et al. 1986) . A mixture of two gases where one has significantly lower δD (hundreds of per mille) and δ 13 C (many tens of per mille) values than the other results in obvious non-linear mixing of Δ18values (Stolper et al. 2014 (Stolper et al. a, b, 2015 Wang et al. 2015; Douglas et al. 2016 ). For such a mixture (i.e. where one end member has both lower δD and δ 13 C values than the other) the Δ18 values of the mixture will be elevated (i.e. yield colder clumped-isotope temperatures) compared to a linear mixture of Δ18 values. As a result, such mixtures can create non-physical, sub-freezing clumped-isotope-based temperatures. Examples of this sort of mixing scenario (including sub-freezing clumped-isotope temperatures) are given in Douglas et al. (2016) for terrestrial Alaskan samples. In the case of Douglas et al. (2016) , these mixing relationships were corroborated using radiocarbon measurements where the thermogenic gases were radiocarbon-dead while the biogenic end member had measurable 14 C. These sorts of mixing scenarios, especially when subfreezing clumped-isotope-based temperatures are measured, identify the likely presence of thermogenic gases mixing into a shallow biogenic system.
Clumped-isotope temperatures in the context of Whiticar and Bernard plots
We now place samples with measured clumped-isotope compositions into the interpretive frameworks of the Whiticar and Bernard plots introduced earlier (Figsunconventional and oil-associated or non-associated. Finally, we include gases that are a mixture of thermogenic and biogenic sources. Symbol fill colours represent the clumped-isotope based temperature. Blue colours indicate a lower clumped-isotope temperature while red colours indicate higher clumped-isotope temperatures. Gases with negative Δ18 or values or sub-freezing temperatures are coloured grey. 
Clumped-isotope temperatures and the Whiticar plot
Figure 9 displays samples with measured clumped-isotope compositions in the Whiticar plot. Gases of known origins (thermogenic, biogenic and mixed origins -given by the symbols) fall within or close to the respective fields outlined by this space. Setting aside samples with non-equilibrium clumped-isotope values, one visible pattern is that there is a general clustering of samples with colder clumped-isotope-based temperatures (blue fill colours) with lower δD and δ
13
C values in the biogenic field to moderate clumped-isotope-based temperatures (purple fill colours) in the mixed field and then the warmest clumped-isotope-based temperatures (red fill colours) in the thermogenic field with the highest δD and δ 13 C values. Consequently, the clumped-isotope temperatures fit with the general expectations of gas origins predicted by the Whiticar plot. There are, however, a few noticeable exceptions. For example conventional oilassociated gases can be found within the biogenic field with low δD values (c. 300‰) and/or low δ 13 C values (<−60‰). Significantly, these designations are not based on the clumped-isotope temperatures. The clumped-isotope temperatures (all >100°C) support these thermogenic designations. This is an example that shows thermogenic gases can exist outside the thermogenic regions delineated by the Whiticar plot and that clumpedisotope temperatures can provide the necessary fidelity to interpret these gases as thermogenic. Figure 9 shows a clear separation of equilibrium v. non-equilibrium biogenic gases based on δD values, but not based on δ 13 C values -note that these figures only show measurements of environmentally derived samples and our discussion here is confined to such samples. Specifically, most biogenic gases with δD values less than −300‰ have non-equilibrium clumped-isotope temperatures. In contrast, biogenic gases with δD values greater than −280‰ yield meaningful clumped-isotope formation temperatures. This delineation probably occurs because the same biochemical reactions control both the δD and the clumped-isotope values of biogenic methane. Specifically, when methanogens grow slowly, they appear to form methane in both clumped-isotopic equilibrium and hydrogen-isotopic equilibrium with water (Stolper et al. 2015; Wang et al. 2015) . Consequently, both the δD value of the environmental waters as well as the methane-water hydrogen-isotope equilibrium fractionation factor will influence the δD value of the resultant biogenic methane. Specifically, at room temperature (c. 25°C), methane δD values are c. 180‰ lower than in water at isotopic equilibrium (Stolper et al. 2015) . Most waters, except those at latitudes higher than 60°, have δD values greater than −100‰ (Bowen & Revenaugh 2003) . Consequently, δD values of methane formed in isotopic equilibrium (including clumped) are typically restricted in the environment to values greater than c.−300‰ (Fig. 9) . In contrast, the formation of biogenic methane out of clumped-isotopic equilibrium is caused by kinetic isotope effects that result in methane δD values that are lower than values for isotopic equilibrium between methane and water (Stolper et al. 2015; Wang et al. 2015; Douglas et al. 2016) . As a result, non-equilibrium clumped-isotope compositions commonly have δD values less −300‰. Thus, the biogenic field of the Whiticar plot when combined with clumped-isotope temperatures reveals the thermodynamic conditions (equilibrium v. non-equilibrium) of microbial methanogenesis. We note that the only exception to the c. −300‰ methane δD delineation for samples in and out of clumped-isotopic equilibrium is a sample from the Birchtree mine (Young et al. 2017 ), which appears to have formed in clumped-isotopic equilibrium, but has a δD of −343‰. However, this sample is from a mine in Canada with highly depleted fluid δD values of −122‰; Bottomley et al. 1994) . Such fluids probably result in the exceptionally low methane δD values for the reasons given above. Finally, samples that are a mixture of biogenic and thermogenic gas span a large range of δD and δ 13 C values. The clumped-isotope temperatures help differentiate these samples. For example, gases with mixed compositions and δD and δ 13 C values that fall in the thermogenic field yield colder temperatures (bluer colours) than the pure thermogenic gases with similar δD and δ 13 C values (Fig. 9) . Thus, clumped-isotope temperatures appear to be a useful tool for identifying gases with mixed origins in combination with the Whiticar plot.
Clumped isotopes and the Bernard plot
Figure 10 places clumped-isotope temperatures into the framework of the Bernard plot using the same symbols and colour scheme as in Figure 9 . Fewer data are available for this comparison because not all gases with measured clumped-isotope temperatures have measured C1/C2-3 ratios. The overall location of samples with known origin (thermogenic, biogenic or mixed) is generally consistent with those predicted by the Bernard plot. As discussed previously, it has been suggested that thermogenic and biogenic gases can sit outside of the boundaries given by the Bernard plot (e.g. Martini et al. 1996; Vinson et al. 2017) -and this is supported by data with measured clumpedisotope values. For example, C1/C2-3 values of non-associated unconventional gases can be greater than 100. Additionally, some conventional thermogenic gases lie outside of the thermogenic field. Specifically, these gases contain elevated C2 + alkane contents (C1/C2-3 < c. 10) but also have δ 13 C values (−50 to −64‰), which are lower than 'typical' thermogenic gases. These gases have clumped-isotope temperatures that are consistent with their thermogenic origin (100-135°C; purple-red colours in Fig. 10 ). This insight adds uncertainty to the common assumption that δ 13 C values less than −60‰ positively identify biogenic methane (Bernard et al. 1976; Whiticar et al. 1986; Whiticar 1999) , but supports models that predict methane formed at temperatures below c. 180°C can have low (<−60‰) δ 13 C values (Tang et al. 2000) . Finally biogenic gases generally have C1/C2-3 values >100, as predicted by the Bernard plot. However, there are biogenic samples with C1/C2-3 values as low as 43. These low C1/C2-3 values may result from the presence of small amounts of thermogenic gas in these specific samples. However, the biogenic nature of these samples is supported by low (<50°C) clumped-isotope temperatures. Additionally, biogenic gases from sediments with far lower C1/C2-3 values than 43 (as low as 2) have been described in which the ethane and propane are also thought to be biogenic in origin (Hinrichs et al. 2006) . Thus the ethane in the examined samples is potentially biogenic. Consequently, the clumped-isotope temperatures may aid in interpreting whether a gas is an early formed thermogenic gas (clumped temperature >60°C), or a biogenic gas with a lower temperature regardless of the C1/C2-3 ratio.
Values of δ
C and clumped-isotope temperatures of thermogenic gases
Here, we compare thermogenic methane δ 13 C values to clumped-isotope temperatures. We focus on methane δ 13 C values over δD values as the relationship between methane δ 13 C values to gas generation kinetics is better understood than for δD values, both from an observational and theoretical standpoint. The δ 13 C value of thermogenic methane is thought to be controlled by both the δ 13 C value of the source organic carbon and the thermal maturity at which the methane was generated. The relationship between δ 13 C and source maturity is generally explained by two mechanisms. First, it is assumed that elevated source-rock thermal maturities are achieved via exposure to higher burial temperatures or longer time spent at a given temperature (e.g. Burnham & Sweeney 1989; Sweeney & Burnham 1990 ). The kinetic isotope effects that describe the relative differences in the rate of methyl cleavage for 12 C or 13 C methyl groups have been modelled to decrease in magnitude with increasing temperature (Cramer et al. 1998; Tang et al. 2000; Xiao 2001) . As methane is lower in δ 13 C than the source organic carbon (exhibiting a 'normal' isotope effect), higher temperatures result in methane with higher δ 13 C values relative to lower temperatures for a given methane source. Second, the generation of methane, which has lower δ 13 C values than the source organic matter, due to mass balance considerations, will cause the residual organic carbon to increase in its δ 13 C value. This, in turn, causes newly generated methane to increase in δ 13 C values with increased hydrocarbon generation. Models describe this process using Rayleigh distillation frameworks of varying complexity (Clayton 1991; Berner et al. 1992 Berner et al. , 1995 Cramer et al. 1998; Tang et al. 2000) . Ultimately, given the proposed dependence of methane's δ 13 C value on its source's thermal maturity, a positive relationship between methane δ 13 C values v. the clumpedisotope temperatures could be expected. We examine this idea using specific examples from Brazilian reservoirs and the full suite of data.
Specific examples from Brazilian reservoirs
A correlation between δ 13 C values and clumped-isotope temperatures of methane was first observed in Potiguar Basin samples (Brazil; conventional, oil-associated gases; Fig.  11a ; Stolper et al. 2014 a) . This correlation was explained by the expected relationship between thermal maturity of the source rock and the δ (Tang et al. 2000; Ni et al. 2011; Stolper et al. 2014 a) . The lower slope measured for environmental samples compared to theory may result from the importance of distillation effects discussed above. Specifically, distillation increases the δ 13 C of methane as a function of thermal maturity in excess of that simply expected based on temperature-dependent kinetic isotope effects (which decreases the observed slope). An interesting aspect of the clumped-isotope temperature v. δ 13 C relationships is that, although the slopes are all similar, the relationships are offset from each other. For example, the Potiguar Basin samples (Fig. 11a) v. the Northeastern Onshore Basin samples (Fig. 11b) , at a given clumped-isotope temperature, differ by c. 6‰ in δ 13 C, with the Potiguar Basin sample being lower. This difference probably reflects a difference in the δ 13 C of the source organic carbon, which can vary among typically encountered source-rock compositions by c. 10‰ (e.g. Schoell 1984; Chung et al. 1992) . As the clumped-isotope-based temperatures are not a function of the δ 13 C or δD of the source organic carbon, methane clumped isotopes can provide constraints on gas-formation temperatures (and source-rock thermal maturity) that do not require knowledge of the δ 13 C value of the source organic carbon. Figure 12 for all samples measured (as opposed to the Brazilian samples shown in Fig. 11 ). One general trend is that the δ 13 C and clumped-isotope temperatures of conventional oil-associated gases positively co-vary. There is significant scatter in this relationship that is not apparent when looking at specific gas accumulations (e.g. Fig.  11 ). This increased scatter is probably due to differences in the δ C values less than −32‰, the conventional oil-associated gases and unconventional non-associated gases occupy a similar space (Fig. 12) . However, all unconventional non-associated gases with δ 13 C values above −32‰ yield clumped-isotope-based temperatures below 165°C. This is the opposite of what would be expected based on the increasing trend defined by the conventional oil-associated gases. Furthermore, such elevated δ 13 C values are generally thought to be indicative of gas generation at temperatures above 200°C (Tang et al. 2000) . We suggest that this apparent decline in clumped-isotope-based temperature as δ 13 C values increase above c. −32‰ for unconventional non-associated gases is a result of mixing of gases produced at different maturities within the unconventional reservoir. As discussed above, mixing of gases lower in δD and δ
13
C values with gases higher in δD and δ 13 C but identical Δ18 values results in a mixture with a higher Δ18 value (and thus lower clumped-isotope temperature) than either of the end members. Take, for example, the following mixing scenario between two end-member gases. Let the first endmember gas be a typical unconventional non-associated gas with a δ 13 C of −38‰, δD of −160‰ and clumped-isotope temperature of 200°C (Fig. 12. ). Let the second end member be a high-maturity gas generated at 250°C with a δ 13 C value of −10‰ and δD value of −60‰ (the approximate maximum values of thermogenic gases predicted by the models of Tang et al. (2000) and Ni et al. (2011) ). Mixing of this high-maturity gas into a larger reservoir of the typical nonconventional gas, due to the non-linear dependence of Δ18 on the δ 13 C and δD values of mixtures, causes the clumped-isotope temperatures to initially decline. The trajectory of this mixing relationship is given in Figure 12 . Only when the mixture is made up of 50% of this high-maturity gas do temperatures start increasing again. Because modern models predict that methane formed at the end of hydrocarbon generation (i.e. the final c. 5% of total methane generated) can be significantly elevated in δD (>−60‰) and δ 13 C (>−10‰; Tang et al. 2000; Ni et al. 2011) , we consider this conceptual model plausible to first order in explaining the lower clumped-isotope temperatures of the unconventional non-associated gases that have the highest δ 13 C values. Thus, production (and mixing) of a small amount of high maturity, high δ 13 C and δD gases into an unconventional gas reservoirs could conceivably lower the clumpedisotope based temperatures and explain the relationships observed between the clumped-isotope temperatures and methane δ 13 C values for non-associated, unconventional gases at the highest thermal maturities.
A synthesis of clumped-isotope studies and their utility in the study of economic accumulations of hydrocarbons
Here we examine a few simple scenarios that describe how methane clumped-isotope temperatures could be used to determine the origin of methane in naturally occurring hydrocarbon accumulations. Proper identification of the origin of methane accumulations could be used to constrain a model of the hydrocarbon system of interest by providing insight into gas generation and migration timing. Byrne et al. (2017) provide a more general review of how geochemical techniques are used to study hydrocarbon systems.
Scenario 1: shallow microbial source
Many microbial sources of methane are shallow in origin, generating methane within the first few hundreds of metres below the sediment-water interface. Because both a trap and seal are required to trap gas and because seals (other than methane hydrates) do not tend to develop sufficient capacity to hold hydrocarbons until sediments reach depths of c. 500 m (Rice & Claypool 1981) , the generation of shallow microbial gas is unlikely to result in an economic gas accumulation. This situation is depicted as 'Scenario 1' in Figure 13 and Table 1 . A gas of shallow microbial origin can be identified using its clumped-isotope composition in two ways. First, if the gas is generated slowly and is in clumped-isotope equilibrium, it will yield a low methane clumped-isotope temperature indicative of the shallow temperatures in the sediments (e.g. <25°C). Additionally, such a gas would be expected to be low in δ 13 C (e.g. <50‰), elevated in δD (> c. −300‰), and have a high C1/C2-3 ratio (e.g. >100). Second, the gas could be generated out of clumped-isotope equilibrium. In such a case the clumped-isotope composition could be negative. However, non-equilibrium biogenic methane has been measured with apparent temperatures within the thermogenic gas range (e.g. c. 100-200°C; Wang et al. 2015; Douglas et al. 2016 ) and the origin of the gas could be incorrectly identified as thermogenic. Importantly, the δ 13 C of these gases is likely to be less than −50‰, the δD less than −300‰, and the C1/C2-3 ratio greater than 100. A thermogenic gas with these characteristics is unlikely (Bernard et al. 1976; Whiticar 1999) . C values of methane and C1/C2-3 values can be used to identify the source of natural gas in a sedimentary system as discussed in the section 'A synthesis of clumped-isotope studies and their utility in the study of economic accumulations of hydrocarbons'. Scenarios are given in both that section and Table 1 . The arrow from Scenarios 3 and 4 represents migration of hydrocarbons to a reservoir rock (dark shaded area penetrated by the well).
Scenario 2: deep microbial source
Alternatively, microbial gases could be generated at sufficient depths (>500 m) to be trapped in the subsurface -such a situation is given by Scenario 2 in Figure  13 and Table 1 . For this scenario, the clumped-isotope temperatures are expected to be between c. 30 to 80°C, with the upper limit derived from observations from nature (Wilhelms et al. 2001; Valentine 2011) . These temperatures would correspond to maximum biogenic sources between 1500 and 3000 m (Valentine 2011). Such a gas may be distinguished from low maturity thermogenic gases generated at the onset of oil generation by having high (>100) C1/C2-3 ratios.
Scenarios 3 and 4: thermogenic gas
The third and fourth scenarios describe gas with a thermogenic origin ( Fig. 13 and Table  1 ). Scenario 3 is for an oil-associated gas, and scenario 4 is for a non-associated gas. Methane clumped-isotope temperatures for either scenario would be expected to be greater than c.60°C, and probably above 100°C. If the gas were oil-associated, it would probably be distinguished by having low C1/C2-3 ratios (<10). This gas may also be associated with liquid hydrocarbon components (i.e. oil would be recovered with the gas). A non-associated gas would be expected to have elevated C1/C2-3 ratios (e.g. >10). In both scenarios (3 and 4) the methane would probably have δ 13 C values >−60‰. In either scenario, a key question is whether the gas formed with or without oil and whether after migration it became associated or non-associated. For example, an originally non-associated gas could become associated it if migrates to a reservoir that contains oil generated from a different source rock or at a different time than the gas. Alternatively, an originally oil-associated gas could become non-associated during migration during a phase separation. If the methane were formed with oil, the clumpedisotope temperatures should range from 60 to 160°C. If the methane formed at higher temperatures than oil generation, it would have higher temperatures (>160°C). This difference (formation with or without oil) dictates the generation and accumulation history of hydrocarbons in the basin. Such information could be used to constrain models of the basin's thermal history and the timing of hydrocarbon generation, migration and accumulation, and provides information on the original formation conditions of the gas. In the scenarios given above, the sources were considered pure (i.e. the methane had one source). In the real world, traps can commonly contain mixtures of gases, both biogenic and thermogenic. Clumped isotopes are well suited to test for such mixtures and even enable the calculation of the contribution of the end members to the mixture. We explore one such example here. As discussed above, mixing of gases with the same clumped-isotope temperature but different δD and δ 13 C values such that one end member is lower in both, leads to a lowering of the clumped-isotope temperature as compared to linear mixing of Δ18 values. The most extreme examples of such mixtures occur in systems in which a thermogenic gas with elevated δD and δ
13
C values mixes with a biogenic gas formed in or out of clumped-isotopic equilibrium, but with a low δ 13 C (<−60‰) and low δD value (<−300‰). In such cases, in the Arctic for example, clumped-isotope temperatures become exceptionally negative (as low as −60°C; Douglas et al. 2016) . Such negative temperatures immediately imply that thermogenic gases exist in the system and are mixing with biogenic gases generated at shallow depths. Measurements of multiple gas samples in the area with different mixing ratios of these gases can be used to calculate the bulk and clumped-isotopic composition of the thermogenic end member and thus infer the temperature (and if a geotherm is known, the depth) at which the thermogenic component formed. An example of such a deconvolution is given in Douglas et al. (2016) . Nonetheless, negative clumped-isotope temperatures, below the freezing point of water, are an immediate indication of the mixture of thermogenic and biogenic gases.
Questions moving forward
It is apparent that the clumped-isotope measurements of methane can provide new constraints on the conditions of methane generation. For biogenic gases formed slowly, thermogenic conventional oil-associated and non-associated gases, and unconventional non-associated gases, clumped-isotope temperatures reflect the gas-formation temperatures. This allows clumped-isotope temperatures to be used to reconstruct the formational environments of the gases. Microbial gases generated rapidly are formed out of clumped-isotope equilibrium. This non-equilibrium signal can be used as a tracer of the rate of methanogenesis in the environment. We have outlined how these measurements can be placed in more typical gas interpretation frameworks that use the isotopic composition (δ 13 C and δD) of methane and the molecular composition of the gas (C1/C2-3 ratios) to constrain a sample's origins. The clumped-isotope compositions of methane often provide complementary and distinct information not contained in such frameworks. Finally, we have outlined a conceptual framework for how to interpret the meaning of clumped-isotope compositions in the context of gas exploration, highlighting how the clumped-isotope measurements provide unique constraints on the potential occurrence of hydrocarbon accumulations. These examples indicate that methane clumped-isotope measurements are a promising tool for studying the generation and accumulation history of hydrocarbon deposits in nature. But many questions and future work exist and we outline a few here.
1.
Why do oil-associated gases from unconventional reservoirs sometimes yield distinctly disequilibrium clumped-isotope compositions? Above we proposed that this may be the result of kinetic isotope effects associated with early stages of oil or bitumen cracking, or the means by which unconventional reservoirs are produced (via hydraulic fracking). This latter hypothesis could be tested by sampling gas from an oilassociated conventional reservoir over the course of its production history and examining if there are changes in both the bulk and clumped-isotopic composition. Nonetheless, more of these systems must be studied to understand why these systems are distinct from other thermogenic hydrocarbon accumulations.
2.
Sophisticated models grounded in chemical kinetics exist to describe the formation of thermogenic oils and gases as a function of source organic type and thermal history. These models are routinely used to predict, based on an understanding of the geology of a system, where and when gas accumulations could have formed (Tissot & Welte 1978; Quigley & Mackenzie 1988; Burnham 1989; Behar et al. 1992 Behar et al. , 1997 Pepper & Corvi 1995; Vandenbroucke et al. 1999; Tang et al. 2000; Lewan & Ruble 2002) . Such models have been extended to include the evolution of δ 13 C and δD values of thermogenic gases (Tang et al. 2000; Ni et al. 2011 ). The addition of methane clumped-isotope constraints to such models is needed, but will require the effects of mixing to be considered. For example, extensive Rayleigh distillation of the source organic matter (which will result in methane with high δ 13 C and δD values) could create significant non-linear mixing effects for Δ18 values.
3.
How will independent 12 CH2D2 measurements contribute to the already measured Δ18and measurements discussed above? One aspect they will be able to test immediately is whether the interpretations put forward that many thermogenic and biogenic gases formed in isotopic equilibrium are correct. If the 13 CH3D and 12 CH2D2 values yield identical clumped-isotope temperatures, then this will provide strong support for the hypothesis that methane clumped-isotope temperatures can reflect thermogenic and biogenic gas-formation temperatures. Initial results of gases from pure-tank cylinders with δD and δ 13 C values consistent with a thermogenic origin as well as two natural gas samples, one from a Marcellus Shale deposit and one from a Utica Shale deposit, yield indistinguishable temperatures based on 13 CH3D and 12 CH2D2 values (Young et al. 2016) and thus provide initial support to this hypothesis. Additionally, biogenic gas from the Birchtee mine yields methane in clumped-isotope equilibrium for both CH3D. The utility and power of these measurements will be realized in the near future as more measurements are made (Young et al. 2017) . The frameworks presented above will need to incorporate these results.
4.
Finally, other clumped and 'position-specific' isotopic measurements of hydrocarbons are beginning to be explored including 13 C-13 C ethane clumped-isotope measurements (Clog et al. 2014 ) and the propensity of 13 C to be found on the exterior or interior carbon positions of propane (Gilbert et al. 2016; Piasecki et al. 2016) . These measurements are reviewed in Eiler et al. (2017) . As the information encoded by these measurements is understood new frameworks that incorporate the growing number of new isotopic measurements of hydrocarbons will need to be created.
